GENERAL SCHEMA OF POSTURE-GAIT CONTROL
======================================

[Figure 1](#f1-jmd-16062){ref-type="fig"} illustrates our recent understanding of basic signal flows involved in motor control. Sensory signals arising from external stimuli and/or internal visceral information have various functions. For example, they are to be utilized for cognitive processing such as production of working memory which guides future behavior. Alternatively, they may affect emotional and arousal states. Sensory signals are further available to detect and correct postural instability by acting on the cerebral cortex, cerebellum, and brainstem. Accordingly, animal initiates movements depending on either a "cognitive reference" or an "emotional reference" \[[@b1-jmd-16062],[@b2-jmd-16062]\].

Voluntary movements are derived from intentionally-elicited motor commands arising from the cerebral cortex to the brainstem and spinal cord. On the other hand, emotional reference may contribute to emotional motor behavior which is generated by the projections from the limbic-hypothalamus to the brainstem, such as fight or flight reactions \[[@b1-jmd-16062],[@b3-jmd-16062],[@b4-jmd-16062]\]. Regardless of whether the initiation is volitional or emotional, goal-directed behaviors are always accompanied by automatic process of postural control including balance adjustment and muscle tone regulation. The subject is largely unaware of this process which is evoked by sequential activations of neurons in the brainstem and spinal cord. Basic locomotor motor pattern is generated by spinal locomotor networks that is termed as the central pattern generators (CPG). However, in order to learn motor skills or behave in unfamiliar circumstance, the subject requires cognitive posture-gait control that depends on cognition of self-body information together with spatial localization of objects in extra-personal space.

The cerebellum regulates the cognitive and automatic processes of posture-gait control by acting on the cerebral cortex via the thalamocortical projection and on the brainstem, respectively. Both the feedforward information from the cerebral cortex via the cortico-ponto-cerebellar pathway and real-time sensory feedback via the spinocerebellar tract to the cerebellum may play major roles in these operations. The basal ganglia may also contribute to the modulation of each process though its gamma-aminobutyric acid (GABA)-ergic projections to the cerebral cortex and brainstem \[[@b2-jmd-16062],[@b5-jmd-16062],[@b6-jmd-16062]\]. The degree of GABAergic influence from the basal ganglia is regulated by the midbrain dopaminergic neurons \[[@b7-jmd-16062]\].

BRAINSTEM AND SPINAL CORD; CORE-STRUCTURES OF POSTURE-GAIT CONTROL
==================================================================

In the absence of their forebrain, like a decerebrate cat, it can walk, trot and gallop. When the decerebration is made at precollicular-postmammillary level, the cat initiates locomotion by electrical or chemical stimulation applied to the mesencephalic or midbrain locomotor region (MLR) \[[@b1-jmd-16062],[@b8-jmd-16062],[@b9-jmd-16062]\]. However, if the neuraxis is transected slightly higher at the precollicular-premammillary level, cats can spontaneously elicit locomotion with well-coordinated postural control \[[@b10-jmd-16062]\]. Therefore, a critical region exists between these decerebrate levels. This area is recognized as the subthalamic locomotor region (SLR), which mostly corresponds to the lateral hypothalamic area. Stimulation of the SLR evoked locomotion after a large lesion was made in the MLR area \[[@b11-jmd-16062]\], indicating that the SLR has direct connections with the brainstem locomotor pathway beyond the MLR. However, the walking in the decerebrate preparations is machine-like and is neither goal-directed nor adaptive to the environment. Hence, the SLR connections to the MLR are likely important for normal control of posture and gait.

So far three locomotor regions have been identified in animals: the MLR in the mesopontine tegmentum, the SLR and the cerebellar locomotor region (CLR) in the mid-part of the cerebellum \[[@b12-jmd-16062]\]. Human imaging study demonstrated that the organization of these supraspinal locomotor centers was preserved during the transition to bipedal locomotion human \[[@b13-jmd-16062]\]. The clinical relevance of these centers has so far been largely neglected.

Role of the mesencephalic area in the control of posture and locomotion
-----------------------------------------------------------------------

The MLR appears to be present in all classes of vertebrates \[[@b14-jmd-16062]\]. It likely includes the cuneiform nucleus (CNF) and the pedunculopontine tegmental nucleus (PPN), although the precise location of the locomotor regulation still remains a matter of debate. The PPN is located in the ventrolateral part of the caudal mesencephalic reticular formation, composed of a heterogeneous population of neurons, containing GABA and glutamate in addition to acetylcholine \[[@b15-jmd-16062]\]. Different neuronal types within the PPN area may have different functions with their own inter-connections to multiple parts of the brain. There are connections to cerebral cortex, multiple basal ganglia and limbic areas, the thalamus, the brainstem, the spinal cord and the cerebellum \[[@b16-jmd-16062]\]. This key location including multiple segregate functions, renders figuring out the precise function of these regions quite complicated \[[@b17-jmd-16062]\].

In the experiments using decerebrate cats, activation of neurons in the PPN suppress muscle tone via its cholinergic projections to the pontine reticular formation (PRF), while activation of neurons in the CNF mostly elicits locomotion \[[@b5-jmd-16062],[@b15-jmd-16062],[@b18-jmd-16062]-[@b20-jmd-16062]\]. Microstimulation of the transition zone between the two areas induced a mixture of locomotor rhythm with associated muscle tone suppression ([Figure 2](#f2-jmd-16062){ref-type="fig"}). Moreover, blocking the PRF by injecting atropine sulfate, blocked the PPN-induced atonia but facilitated MLR-induced locomotion, indicating that cholinergic PPN neurons not only control the level of muscle tone but also modulate the locomotor pattern, and do this by effects at the pontine level \[[@b15-jmd-16062],[@b18-jmd-16062]\]. Studies in rats by Sherman et al. \[[@b21-jmd-16062]\] show non-cholinergic neurons just medial to the PPN have projections to the spinal cord, while the cholinergic neurons of the PPN do not. This area at the mesopontine junction may be the true MLR. The dorsal neurons of this MLR area (laterodorsal tegmental nucleus) with spinal projections are active in locomotion, while the ventral neurons are active in standing and do not have spinal projections.

Functional organization of the reticular formation in the control of posture
----------------------------------------------------------------------------

It is generally agreed that the reticulospinal tract (RST) contributes to regulation of the level of muscle tone. There may exist functional organization in the pontomedullary reticular formation (PMRF) in relation to the control of postural muscle tone ([Figure 3](#f3-jmd-16062){ref-type="fig"}) \[[@b15-jmd-16062]\]. Direct recording of reticulospinal neurons (RSNs) revealed that those located in the dorso-medial part of the PMRF are active during the period of muscle tone suppression or muscular atonia ([Figure 3Aa](#f3-jmd-16062){ref-type="fig"}), and those in the ventromedial part are active during reflex standing due to decerebrate rigidity or hypertonus ([Figure 3Ab](#f3-jmd-16062){ref-type="fig"}). Accordingly, functional topographical organization may exist in the PMRF in the control of postural muscle tone. On the other hand, during MLR-elicited locomotion or spontaneously evoked locomotion in high-decerebrated preparation, RSNs located in both the dorsomedial and ventromedial PMRF were modulated in response to step cycles ([Figure 3Ac](#f3-jmd-16062){ref-type="fig"}), indicating that muscle tone-related RSNs participate in the execution of locomotion so that locomotor rhythm and muscle tone can be simultaneously regulated by the reticulospinal system during locomotion.

Presence of such an organization was supported by experiments using microstimulation applied to the PMRF ([Figure 3B](#f3-jmd-16062){ref-type="fig"}). Stimulation applied to the dorsomedial part of the PMRF resulted in general suppression of muscle tone ([Figure 3B](#f3-jmd-16062){ref-type="fig"}, red areas), and those applied to the ventromedial PMRF induced general augmentation of muscle tone ([Figure 3B](#f3-jmd-16062){ref-type="fig"}, blue areas). Neuroanatomical studies revealed that RSNs in the dorsomedial and ventromedial PMRF descend through ventral and lateral funiculi, indicating that the ventral and lateral RST are responsible for muscle tone suppression and augmentation, respectively. On the other hand, tegmental reflex, or asymmetrical postural figures, which was characterized by extension of the unilateral limb and flexion of the contralateral limb, was evoked from the area between the inhibitory and excitatory areas and the lateral part of the PMRF where few RSNs arise in the cat ([Figure 3B](#f3-jmd-16062){ref-type="fig"}, green areas).

In addition to the RST, vestibulospinal tract (VST) plays an important role in the control of postural equilibrium by its similar architectonic organization of descending fibers within the spinal cord with the RST \[[@b22-jmd-16062],[@b23-jmd-16062]\]. Matsuyama and Drew \[[@b24-jmd-16062],[@b25-jmd-16062]\] examined firing property of neurons in the RST and VST in the cat during locomotion on an inclined surface. Specifically, the VST controls primarily the overall level of postural muscle tone, while the RST has an additional role in determining the relative level of different muscles, particularly when the pattern is asymmetric.

Locomotor pathway and its control by the forebrain structures
-------------------------------------------------------------

In the "locomotor pathway", signals from the MLR also activate medullary RSNs, in turn commanding the spinal locomotor network to generate the oscillatory pattern of locomotion \[[@b8-jmd-16062],[@b26-jmd-16062]\]. However, the SLR and CLR may also activate this reticulospinal locomotor pathway through distinct and direct projections \[[@b27-jmd-16062]\]. Signals from the MLR may also activate monoaminergic descending pathways including the coerulospinal and raphespinal tracts, acting as a muscle tone excitatory system \[[@b28-jmd-16062]-[@b30-jmd-16062]\]. Then we focus on the inputs of the forebrain structures to the midbrain MLR/PPN area. In decerebrate cats, the basal ganglia control locomotion and posture using different GABAergic output pathways of the substantia nigra reticulata (SNr); the lateral part of the SNr blocks the PPN-induced muscle tone suppression, whereas the medial part of the SNr suppresses the MLR-induced locomotion \[[@b18-jmd-16062],[@b20-jmd-16062],[@b31-jmd-16062]\]. Recent rat studies confirm that inhibitory input from the SNc (GABAergic and dopaminergic) to ventral MLR regulate posture, while inhibitory projection from the GABAergic SNr to the dorsal MLR regulates locomotion \[[@b21-jmd-16062]\]. In Parkinson's disease (PD), GABAergic outputs of the basal ganglia are abnormally increased \[[@b7-jmd-16062]\], so excessive SNr-inhibition of the MLR may cause gait disturbance and muscle rigidity \[[@b5-jmd-16062],[@b18-jmd-16062]\].

However, it is unknown whether these mechanisms are the same for bipedal humans and quadrupedal animals. It is also unclear what drives or dictates the SNr-induced control of movements. There are sub-compartments in the basal ganglia; neostriatum-dorsal pallidal pathway ("dorsal pathway", [Figure 4A](#f4-jmd-16062){ref-type="fig"}) and ventral striatum-ventral pallidal pathway ("ventral pathway", [Figure 4B](#f4-jmd-16062){ref-type="fig"}). The nucleus accumbens, as a component of the limbic system, may be important in releasing locomotion, via GABAergic projections disinhibiting the MLR via the ventral pallidum \[[@b32-jmd-16062],[@b33-jmd-16062]\] and via fibers to the SNr ([Figure 4B](#f4-jmd-16062){ref-type="fig"}) \[[@b34-jmd-16062]\]. Because the nucleus accumbens also receives inputs from the hippocampus and amygdala, the ventral pathway may be implicated in reward-oriented locomotor behaviors, as it receives inputs from ventral tegmental area, hippocampus and amygdala. On the other hand, the more recently evolved parts of the basal ganglia make up the dorsal system ([Figure 4A](#f4-jmd-16062){ref-type="fig"}) \[[@b35-jmd-16062]\]. These parts may achieve locomotor control depending on cognitive behavioral context, such as sensoryguided locomotor control.

Spinal control of posture and gait
----------------------------------

Spinal circuitry involved in the stretch reflex, reciprocal inhibition, non-reciprocal inhibition (or autogenic inhibition) and flexion reflexes are involved in the control of posture. Particularly, stretch reflex and non-reciprocal inhibition (Ib inhibition) play major role in static control of posture. On the other hand, interneuronal networks involved in reciprocal Ia inhibition and flexion reflexes including crossed-extension reflex and are critical to produce postural figures with extension-flexion movements of left-right leg alternation during walking. Integration of all spinal reflex networks therefore can be essential to full execution of muscle tone regulation during movement. While spinal reflex networks generate rhythm and pattern of locomotor movements through the activation of the CPG, they play crucial role in supporting body during stance phase of locomotion as well. Because spinal preparations in quadruped animals do not express postural reflex described above, neural networks within the spinal cord alone does not enable to control postural equilibrium \[[@b36-jmd-16062],[@b37-jmd-16062]\], and integration of descending supraspinal signals and peripheral sensory afferents at the level of spinal cord is necessary for full execution of postural control.

Organization of the spinal locomotor network
--------------------------------------------

Once animals start locomotion, muscle tone must be regulated depending on locomotor cycles. A particular group of spinal interneuronal networks that generates rhythmic activity in the absence of rhythmic inputs is termed CPG \[[@b1-jmd-16062],[@b36-jmd-16062],[@b37-jmd-16062]\]. The rhythmic interneuronal activity is sent to the second-order interneurons in the intermediate region (lamina IV-VII of Rexed), which shape "locomotor patterns" of each limb's movements \[[@b26-jmd-16062],[@b38-jmd-16062]\]. The signals are then transmitted to the target motoneurons innervating ipsilateral limb muscles through their excitatory and inhibitory actions \[[@b26-jmd-16062],[@b36-jmd-16062]\]. Reciprocal Ia interneurons, classical Ib interneurons and Renshaw cells are likely included in this group \[[@b36-jmd-16062]\]. On the other hand, lamina VIII interneurons projecting to the contralateral side contribute to the left-right alternations of limb movements \[[@b39-jmd-16062],[@b40-jmd-16062]\]. The rhythm and pattern are transmitted back to the supraspinal structures via the spinothalamic, spinoreticular and spinocerebellar tracts so that the supraspinal structures monitor all events in the spinal cord \[[@b36-jmd-16062]\].

Spinal control of muscle tone during locomotion
-----------------------------------------------

Activity of the spinal locomotor networks is modulated by sensory afferents in a phase dependent manner \[[@b36-jmd-16062],[@b38-jmd-16062],[@b41-jmd-16062],[@b42-jmd-16062]\]. For example, proprioceptors in muscles at the hip joint are primarily responsible for regulating the stance phase. Afferents from proprioceptors in extensor muscles regulate transition from stance to swing phase. It should be critically noted that signals in Ib afferents from tendon organ in ankle extensor muscles inhibit homonymous motoneurons at rest, while they excite extensor motoneurons during stance phase \[[@b36-jmd-16062],[@b41-jmd-16062]\]. The functional consequence of this "reflex reversal" is that the swing phase is not initiated until the extensor muscles are unloaded and the forces exerted by these muscles are low.

Skin afferents also exert a powerful influence on the CPG \[[@b26-jmd-16062],[@b36-jmd-16062],[@b41-jmd-16062]\]. Skin receptors are important to detect obstacles and adjust stepping to avoid them such as the "stumble-corrective reaction \[[@b43-jmd-16062]\]. Importantly, the corrective flexion movements are produced only if the paw is stimulated during the swing phase. An identical stimulus applied during stance phase elicits the opposite response, an excitation of extensor muscles that reinforces the ongoing extensor activity. This is another example of the reflex reversal. The reflex reversal phenomenon is critically involved in postural control during locomotion. However, its mechanisms have not been elucidated.

HIGHER-ORDER REGULATION OF POSTURE-GAIT CONTROL
===============================================

Classical lesion studies in the cat
-----------------------------------

Even cerebral cortex was removed, the kitten can alive more than several years \[[@b44-jmd-16062]\]. They could eat and exhibit periods of rest, become active, search for fool, and were able to remember the location of food. They utilized the visual and haptic senses with respect to external space. However, in the adult cats, skilled locomotor performance was disturbed when lesions were made in the motor-related cortical regions \[[@b45-jmd-16062]\]. If the caudate nucleus of the cat is selectively removed both sides \[[@b46-jmd-16062]\], a remarkable behavior develops referred to as the "compulsory approaching syndrome". The cat faithfully followed any moving object that catches its attention, seemingly unable to terminate the locomotor behavior. This was referred to as "visually-determined cortical automatism \[[@b47-jmd-16062]\]". The main manifestations consisted of loss of drive (apathy), obsessive-compulsive behavior, cognitive deficits, stimulus-bound perseverative behavior, and hyperactivity \[[@b46-jmd-16062]\]. On the other hand, removal of both the cerebral cortex and the striatum (diencephalic cat; the thalamus and hypothalamus were preserved) resulted in the cats walking incessantly, even though they did not attend to any environmental stimuli \[[@b48-jmd-16062]\].

Forebrain structure including the cerebral cortex, the limbic-hypothalamic structures, and the basal ganglia as well as the cerebellum control posture and gait largely by acting on the reticulospinal system through their direct and indirect connections via the MLR/PPN area ([Figure 4](#f4-jmd-16062){ref-type="fig"}). These cortical and subcortical projections may enable animals to express volitional and emotional motor behaviors depending on the context \[[@b2-jmd-16062],[@b14-jmd-16062]\].

Control by the cerebral cortex
------------------------------

While basic locomotor synergy was not largely disturbed if pyramidal tracts were bilaterally disconnected \[[@b49-jmd-16062]\], skilled locomotor task was severely impaired. Liddell and Phillips \[[@b50-jmd-16062]\] found after unilateral or bilateral pyramidal lesions that the cats became 'helplessly immobile', unable to take a step without slipping or falling, when they were required to walk along a narrow beam or horizontal ladder. Such a skilled performance became more severely damaged by postcruciate than by precruciate lesions. After postcruciate lesions including both the somatosensory and parietal cortices, the cat refused to walk on narrow trucks \[[@b45-jmd-16062]\]. The precruciate area, which corresponds to supplementary motor area (SMA) and premotor area (PM) of the primates, may be involved in movement initiation. On the other hand, the postcruciate cortices may utilize specific somatosensory inputs to fulfil a role in the regulation of ongoing movements \[[@b51-jmd-16062]\] in the manner of anticipatory or feed-forward adjustments \[[@b52-jmd-16062]\]. Skilled posture-gait control, therefore, can be achieved on the basis of knowledges of the orientation and motion of the body in space as well as motion perception and spatial localization of objects in extra-personal space \[[@b53-jmd-16062]-[@b55-jmd-16062]\]. Such a knowledge is provided by integration of vestibular, somatosensory and visual sensory signals which occurs at both the cerebral cortex and cerebellum ([Figure 5A](#f5-jmd-16062){ref-type="fig"}) \[[@b56-jmd-16062]\].

Precise visuomotor coordination occurred at the cerebral cortex plays critical roles in the execution of precise arm-hand movements such as reaching and grasping \[[@b57-jmd-16062]\]. Similarly, when a walking subject encounters obstacles, each leg must be placed with a high degree of accuracy through the visuo-parieto-frontal cortical projection, as in the subject has to modify the leg trajectory in each step in order to achieve appropriate foot placement \[[@b58-jmd-16062]\]. Such a visuomotor coordination is particularly necessary in quadrupeds because an obstacle is no longer within the visual field by the time the hindlimbs are stepping over it. When the posterior parietal cortex was bilaterally removed, the cat's hindlimbs did not step over the obstacles if their forelimbs cleared them \[[@b59-jmd-16062]\]. Therefore, the posterior parietal cortex must be engaged to register and store the temporospatial relationship between the obstacle and one's bodily information, such as body schema, in short-term memory that is utilized to produce motor programs in the motor cortices ([Figure 5B](#f5-jmd-16062){ref-type="fig"}) so that the cat can precisely modify the limb trajectory \[[@b59-jmd-16062],[@b60-jmd-16062]\]. To successfully achieve such an accurate control of limb movements during walking, posture must be optimized in advance to the purposeful action so that bodily equilibrium can be maintained. Therefore, the visuo-parieto-frontal cortical projection ([Figure 5B](#f5-jmd-16062){ref-type="fig"}) is critically involved in the fulfilment of ongoing purposeful control via anticipatory adjustments of posture \[[@b61-jmd-16062]\]. It follows that both the intentional limb movements and anticipatory postural adjustment are programmed at motor cortical areas ([Figure 5B](#f5-jmd-16062){ref-type="fig"} and [D](#f5-jmd-16062){ref-type="fig"}).

### Anticipatory postural adjustment

Then, what part of the motor cortex contributes to the programming of the anticipatory postural adjustments? One of the most candidate areas is the SMA and PM ([Figure 5B](#f5-jmd-16062){ref-type="fig"} and [C](#f5-jmd-16062){ref-type="fig"}). In bipedal walking monkey, an inactivation of the leg area of the primary motor cortex (M1) by injecting muscimol (GABA~A~ agonist) partly paralyzed the contralateral leg \[[@b62-jmd-16062]\]. On the other hand, muscimol injections into the trunk/leg regions of the bilateral SMA largely disturbed postural control without inducing paralysis \[[@b63-jmd-16062]\]. When it was injected into the dorsal PM, spontaneous walking was maintained; however, the monkey could not start walking using sensory cue. These findings indicate the SMA and PM may contribute to postural control during bipedal walking and initiation of gait, respectively.

Studies using neural tracers have demonstrated abundant cortico-fugal projections to the PMRF from the premotor cortices (SMA/PM) in quadruped \[[@b64-jmd-16062]\] and biped \[[@b65-jmd-16062]\] animals. Recent studies have focused onto the importance of cortico-pedunculopontine projection in terms of motor control. Probabilistic diffusion tractography in rhesus monkey as well as humans, shows that the SMA is strongly connected to the lateral PPN, while the dorsal PM is connected to the medial PPN \[[@b66-jmd-16062]\]. The RST innervates whole spinal segments \[[@b22-jmd-16062]\] so that it controls postural muscle tone and symmetric postural figures ([Figure 3](#f3-jmd-16062){ref-type="fig"}) \[[@b15-jmd-16062]\]. Therefore, the cortico-reticular and RST may achieve anticipatory postural adjustment ([Figure 5D](#f5-jmd-16062){ref-type="fig"}) Possibly, the SMA contributes to the anticipatory postural adjustment for step initiation, which is impaired in PD patients \[[@b67-jmd-16062]\]. On the other hand, the PM/SMA may forward programs of precise leg-foot movement to the M1 \[[@b68-jmd-16062]\], which, in turn, sends motor command via the corticospinal tract.

Consequently, cognitive information in the temporoparietal cortex is essential for accurate gait control particularly when the subject encounters an unfamiliar environment. Therefore, the deficiency in the information processing from the temporoparietal cortex to the frontal cortex (frontoparietal network) may cause errors in anticipatory postural adjustment and gait difficulties such as the "freezing of gait". It follows that deficits in cognitive function in elder persons and in patients with Alzheimer's disease are at higher risk of falling particularly when more cognitive tasks are required \[[@b69-jmd-16062],[@b70-jmd-16062]\].

### Maintenance of vertical posture

Next critical question as to the cortical control of posture is "how does the brain acquire access to an internal estimate of body motion and postural verticality?" Postural vertical is supported by a sense of verticality which is synthesized by visual, somatosensory and vestibular information \[[@b71-jmd-16062]-[@b75-jmd-16062]\]. Among them, the vestibular sensation is superior to others in terms of absoluteness of sensation because it always refers the gravity \[[@b76-jmd-16062]\], and the vestibular system provides the brain with sensory signals about three-dimensional head rotations and translations. Vestibulothalamic projections are bilateral and mainly involve the posterior thalamus \[[@b77-jmd-16062]-[@b79-jmd-16062]\]. While there was no cortical area that receives inputs exclusively from vestibular afferents, there are multiple presentations of vestibular information in the cerebral cortex \[[@b80-jmd-16062]\], such as the frontal eye field, PM, somatosensory cortex, ventral intraparietal cortex, medial superior temporal area, and parieto-insular vestibular cortex (PIVC). The PIVC has particularly dense connections with other vestibular-relating cortical areas, and receives information from other sensory modalities \[[@b81-jmd-16062]-[@b83-jmd-16062]\]. Now, both the posterior thalamus and PIVC are areas of interest for the internal model of postural verticality \[[@b84-jmd-16062]-[@b88-jmd-16062]\]. Because the PIVC has descending projections to the contralateral vestibular nuclei \[[@b79-jmd-16062],[@b89-jmd-16062]-[@b91-jmd-16062]\], the vestibular cortical systems possibly contribute to upright standing by acting to the vestibulospinal system based on the internal model of postural verticality ([Figure 5B](#f5-jmd-16062){ref-type="fig"}).

Postural verticality is often disturbed in pathological conditions such as "pusher syndrome" after stroke and "Pisa syndrome" in advanced PD. Stroke patients with pusher syndrome actively push away from the ipsilesional side and have a tendency to fall towards their paretic, contralesional side (the left side for right-hemisphere patients). They had lesions including the parietal insular cortex or posterior thalamus \[[@b84-jmd-16062],[@b87-jmd-16062],[@b88-jmd-16062],[@b92-jmd-16062]\]. This phenomenon is more prominent when patients are upright compared to when lying down. Now the pusher phenomenon can be arising from a conflict or mismatch between visual and postural vertical \[[@b84-jmd-16062],[@b87-jmd-16062],[@b88-jmd-16062]\]. However, it is still uncertain whether the same pathophysiological mechanism is operating in Pisa syndrome.

Posture-gait control by the cerebellum
--------------------------------------

Postural control by the cerebellum highly depends on sensory afferents. Signals from the labyrinth ascend the vestibular nerve to the floccules and vermis of the cerebellum in addition to the vestibular nuclei. The fastigial nuclei (FN) receive a copy of the output of the spinal cord in addition to peripheral sensory information via spinocerebellar tracts \[[@b93-jmd-16062]\]. The FN also receive visual \[[@b94-jmd-16062]\] and vestibular \[[@b95-jmd-16062]\] information. These multisensory features may provide "an error-correction mechanism", which permits FN neurons to affect motor functions such as coordinating postural responses during walking which entail changes in limb position. The FN may therefore send highly integrated bodily information to the posture-gait related areas in the brainstem and motor cortical areas \[[@b96-jmd-16062]\].

### Action on the brainstem structures

Output from the FN to the brainstem contributes to the control of postural muscle tone. Electrical stimulation applied to the mid-part of the cerebellar white matter in decerebrate cats either increased \[[@b97-jmd-16062]\] or reduced the level of muscle tone \[[@b98-jmd-16062]\]. The cerebellar stimulation possibly activated the excitatory RST and VST of both sides so that extensor muscle tone was bilaterally increased. On the other hand, the decrease in the level of muscle tone is considered to be due to withdrawal of excitatory influence upon motoneurons \[[@b98-jmd-16062]\]. Because, postural muscle tone is generally reduced by the damage of the medial part of the cerebellum, the cerebellum contributes to the activation of antigravity muscles. Possibly, the FN regulates posture-gait subprograms in the brainstem and spinal cord by inparallel activation of fastigio-spinal, fastigio-reticular, and fastigio-vestibular pathways \[[@b27-jmd-16062],[@b99-jmd-16062],[@b100-jmd-16062]\]. Therefore, the deficiency in these pathways may reduce the degree of α--γ linkage in patients with cerebellar diseases, resulting in hypotonia. The hypotonia state reduces the accuracy of the sensory feedback so that posture-gait control can be seriously disturbed.

### Cerebellar actions on the cerebral cortex

Reciprocal connections between the cerebellum and cerebral cortex ([Figure 5C](#f5-jmd-16062){ref-type="fig"}) may be critically involved in the cognitive and programing processes of postural control. More recently, it has been recognized that cerebellar output reaches vast areas of the cerebral cortex including prefrontal and posterior parietal cortices in addition to motor-related areas \[[@b101-jmd-16062]\]. The FN in the cerebellum, as well as the vestibular cortex (PIVC), is critically involved in encoding internal postural model in space and self-motion \[[@b56-jmd-16062]\]. Some studies have suggested the presence of FN projections to the parietal cortex \[[@b102-jmd-16062],[@b103-jmd-16062]\], motor cortex and multimodal visual areas \[[@b104-jmd-16062]\]. Reciprocal connection between parietal cortex and the cerebellum may be involved in perception of body motion in space ([Figure 5B](#f5-jmd-16062){ref-type="fig"}). Such a bodily information can be utilized to maintain upright posture during standing and to achieve anticipatory postural adjustment. The latter may involve reciprocal connections between the motor cortical area (SMA/PM) and cerebellum (motor loop) in order to construct motor programs ([Figure 5C](#f5-jmd-16062){ref-type="fig"}) \[[@b105-jmd-16062],[@b106-jmd-16062]\]. Accordingly, cerebellar disease patients may have problems in cognitive process of postural control. However, the perception of verticality in patients with cerebellar ataxia may only deteriorate in a more advanced stage of the disease \[[@b107-jmd-16062]\]. In addition, only few abnormalities of anticipatory postural adjustment were found in the cerebellar disease patients compared to controls, while the patients appeared to be less able to use predictive information \[[@b108-jmd-16062]\]. Because the cerebellum is reciprocally connected with the basal ganglia \[[@b109-jmd-16062]\], it is possible that basal ganglia in addition to the cerebral cortex may complement the cerebellar role of cognitive process of postural control.

Posture-gait control by the basal ganglia in relation to PD
-----------------------------------------------------------

Because posture-gait control is seriously impaired in PD, the basal ganglia has long been functionally regarded to be predominantly involved in motor control but is increasingly recognized to play additional roles in sensory processing, cognition, and behavior \[[@b110-jmd-16062]-[@b112-jmd-16062]\]. Here, emphasis has been placed on the mechanisms of posture-gait impairment in PD so that understanding the role of basal ganglia to the postural control is facilitated. Based on our recent understanding, postural disturbances in PD attribute to following mechanisms: 1) disturbances in the dopaminergic and cholinergic systems, 2) impairment of cognitive functions due to failure of integrative sensory processing that allows to produce internal postural model (body schema), 3) failure in motor programming due to reduced activity in the motor cortical areas, and 4) disturbances in posture-gait areas in the brainstem \[[@b15-jmd-16062],[@b18-jmd-16062],[@b113-jmd-16062]\].

### Disturbances in the dopaminergic and cholinergic systems

Recent clinical studies suggest that the postural impairments in PD is based on dysfunction of both the dopaminergic and cholinergic systems. Disturbances in these chemospecific systems may critically contribute to posture-gait failure in this disease. For example, a damage of dopamine (DA) neurons in the substantia nigra pars compacta (SNc), which project to the basal ganglia nuclei, is considered to increase in the GABAergic inhibitory output from the basal ganglia \[[@b7-jmd-16062],[@b114-jmd-16062],[@b115-jmd-16062]\]. This may strongly inhibit thalamocortical systems and brainstem structures ([Figure 1](#f1-jmd-16062){ref-type="fig"}).

In addition, cholinergic neurons in the PPN (brainstem) and basal forebrain (BF) are seriously damaged in PD \[[@b116-jmd-16062]-[@b119-jmd-16062]\]. Indeed, a reduction of the thalamic cholinergic innervation in patients with PD has no cognitive and motor impairments but exhibits an increase in postural sway speed \[[@b120-jmd-16062]\]. Cholinergic PPN neurons project to the non-specific thalamocortical system \[[@b121-jmd-16062]-[@b123-jmd-16062]\], basal ganglia nuclei including DA neurons in the SNc and PMRF \[[@b124-jmd-16062]-[@b126-jmd-16062]\]. On the other hand, cholinergic BF projections to the cerebral cortex are necessary for attentional performance and cognitive processing \[[@b127-jmd-16062]\].

Therefore, disturbances in attention, sensori-motor integration and cognitive processing in PD can be largely attributed to the damage of the cholinergic systems. Accordingly, both of the excessive inhibition from the basal ganglia and the damage of cholinergic systems may impair both the cortical and subcortical, particularly the brainstem, functions.

### Impairments in sensory processing and cognition

Cortical activity was substantially reduced in patients in PD compared control subject during walking \[[@b128-jmd-16062],[@b129-jmd-16062]\]. This may cause failure of integrative sensory processing, which in turn, disturb construction internal postural model and motor programming. It has been shown that a loss of cholinergic neurons in the BF and PPN associates with fallers in PD \[[@b116-jmd-16062],[@b130-jmd-16062]\]. Müller and Bohnen \[[@b131-jmd-16062]\] suggested that reduced activities in the cholinergic PPN neurons may disturb multi-sensory integration at the level of the thalamus. This may also explain why patients in PD with more severe posture-gait instability have a high risk of developing dementia \[[@b131-jmd-16062]\]. Impairment of the integration of sensory information, particularly proprioception \[[@b132-jmd-16062]\] and vestibular graviception \[[@b133-jmd-16062]\], may result in deficits of internal model of postural verticality which is possibly constructed at the temporoparietal association area including the vestibular cortex. Therefore, asymmetry in the activity of the left and right vestibular cortices may induce leaning upright posture, which is often called as Pisa syndrome. Pisa syndrome is a dystonic lateroflexion of the trunk with a postural disturbance resembling the leaning tower of Pisa, and is more often observed in patients with advanced PD \[[@b134-jmd-16062]\]. The marked lateroflexion become worsen during walking but is almost completely alleviated by passive mobilization or supine positioning \[[@b135-jmd-16062]\]. Because PD without Pisa syndrome also had deficiencies in postural verticality compared to healthy controls \[[@b132-jmd-16062],[@b136-jmd-16062]-[@b138-jmd-16062]\], mismatch between proprioception and vestibular gravitation in PD may alter subjective postural verticality, resulting in Pisa syndrome. Alternatively, asymmetry of the basal ganglia output, which is due to cholinergic-dopaminergic imbalance in the striatum \[[@b134-jmd-16062],[@b139-jmd-16062],[@b140-jmd-16062]\] or disturbance of the pallidal output \[[@b141-jmd-16062],[@b142-jmd-16062]\], may also elicit left-right disproportion of the thalamocortical processing of vestibular information.

### Failure in motor programming

The motor cortical areas including the M1, SMA, and PM have connections with the basal ganglia and cerebellum, constituting motor loop that contributes to execution and motor programming of voluntary movements ([Figure 5C](#f5-jmd-16062){ref-type="fig"}) \[[@b105-jmd-16062],[@b106-jmd-16062]\]. Because of increasing inhibitory output from the basal ganglia to the thalamocortical projections in addition to reduced cognitive information processing, the capability of producing motor programs in response to changes in circumstance can be deteriorated. In fact, the SMA contributes to the anticipatory postural adjustment for step initiation via corticofugal projections to the PPN and PMRF, and this process is seriously impaired in PD patients \[[@b67-jmd-16062]\]. Also, the dorsal part of the PM is involved in sensory-guided gait control as suggested in bipedally walking monkey \[[@b62-jmd-16062]\]. Because the activity of dorsal part of the PM was increased during visually-guided paradoxical gait in PD, posture-gait programs in SMA/PM became reusable by the activation of visuo-motor pathway \[[@b129-jmd-16062]\]. Accordingly, failure in motor programming in PD can be due to the decrease in excitability of the motor cortical areas in addition to impairment of sensory processing in the temporoparietal cortices. Recently, role of the cerebellum in the pathophysiology of PD is highly recognized \[[@b143-jmd-16062],[@b144-jmd-16062]\]. Because the cerebellum has reciprocal connections with the basal ganglia ([Figure 5C](#f5-jmd-16062){ref-type="fig"}) in addition to the cerebral cortex and brainstem, there is a need to elucidate whether the cerebellum participates in compensatory mechanisms associated with the disease or contributes to the pathophysiology of PD.

### Reduced activity in posture-gait area in the midbrain

We propose that reduced excitability in the mesopontine tegmentum including the PPN/MLR can be also involved in posture-gait failure in PD \[[@b6-jmd-16062],[@b15-jmd-16062],[@b18-jmd-16062],[@b20-jmd-16062],[@b113-jmd-16062]\]. In decerebrate cats, the basal ganglia control locomotion and posture using different GABAergic output pathways of the SNr; the lateral part of the SNr blocks the PPN-induced muscle tone suppression, whereas the medial part of the SNr suppresses the MLR-induced locomotion \[[@b18-jmd-16062]\]. Recent studies in rodents confirm that inhibitory input from the SNr to the glutamatergic neurons in the MLR regulates locomotion \[[@b21-jmd-16062],[@b145-jmd-16062]\]. In PD, GABAergic outputs of the basal ganglia are abnormally increased \[[@b7-jmd-16062],[@b114-jmd-16062]\], so excessive SNr-inhibition of the MLR may cause gait disturbance and muscle rigidity acting on MLR and muscle tone inhibitory region in the PPN \[[@b18-jmd-16062]\]. Muscle tone rigidity in PD is called as "lead-pipe like rigidity" which is characterized by co-contraction of extensor and flexor muscles. Such a co-contraction is observed in neck, back and leg muscles, resulting in flexion posture including camptocormia \[[@b146-jmd-16062]\].

PD patients with cholinergic cell loss in the PPN showed more severe motor disabilities with gait and posture, which were associated with L-3,4-dihydroxyphenylalanine (L-DOPA)-resistant akinesia \[[@b147-jmd-16062],[@b148-jmd-16062]\]. Subsequent post-mortem study in PD patients established a correlation between the occurrence of falls and freezing and the loss of cholinergic PPN neurons. However, the degree of neuronal loss in the CNF was not significantly different between fallers and non-fallers in PD patients \[[@b147-jmd-16062]\]. In PD patients, individual neurons in the dorsal PPN increased their firing rates with increased stepping frequency \[[@b149-jmd-16062]\]. Moreover, gait speed in PD patients was correlated with a power of alpha-oscillations (7--10 Hz) of field potentials recorded from the PPN area \[[@b150-jmd-16062]\].

As one of clinical procedures for alleviating gaitposture deficiency in PD, deep brain stimulation (DBS) targeting the PPN with the aim of stimulating remaining cholinergic neurons \[[@b151-jmd-16062]-[@b155-jmd-16062]\]. The first studies using DBS in advanced PD patients concluded that low-frequency stimulation of the PPN could be effective to control freezing of gait and falls. However, further clinical studies concluded that freezing of gait were mildly improved by PPN-DBS but some results were rather disappointing \[[@b156-jmd-16062],[@b157-jmd-16062]\]. These results emphasize the need to determine the optimal surgical target \[[@b158-jmd-16062],[@b159-jmd-16062]\]. Ferraye et al. \[[@b156-jmd-16062]\] suggest that the most suitable targets are located slightly posterior to the PPN pars compacta, probably in the ventral part of the CNF where stimulation-induced locomotion has been reported in animals \[[@b18-jmd-16062]\]. This area possibly corresponds to the subcuneiform nucleus as described by Alam et al. \[[@b160-jmd-16062]\] and Karachi et al. \[[@b161-jmd-16062]\] also suggest that it may be the case that treating PD patients suffering from failure of gait initiation versus falling may require specifically targeting the CNF and the dorsal part of the PPN, respectively.

### Reorganization of cortico-cerebello-brainstem pathways in PD

In human, Fling et al. \[[@b162-jmd-16062]\] used functional neuroimaging approach and revealed strong functional connectivity between the SMA and PPN/MLR area, which was positively correlated with freezing severity in patients of PD. In contrast, connectivity between the STN and SMA was lost. They suggested that the former connectivity may potentially due to a maladaptive compensation, and the latter may reflect the reduced automatic control of gait by the basal ganglia. A study using diffusion tensor imaging revealed the connection between the cerebellum and the PPN in PD patients without freezing of gait. However, freezers of patients in PD showed the absence of cerebellotegmental connectivity and increased visibility of the decussation of corticopontine fibers in the anterior pons \[[@b163-jmd-16062]\]. These findings highlight the importance of corticopontine-cerebellar pathways in the pathophysiology of gait when the cerebellotegmental connection that may contribute to automatic execution of gait control is damaged in freezers of PD.
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![Basic signal flow involved in postural control. Multisensory signals from the visual, vestibular, auditory, somatosensory (proprioceptive), and visceral receptors act on various sites in the central nervous system. These signals may provide cognitive and emotional references to the cerebral cortex and limbic system, respectively, so that the subject may elicit either voluntary movements or emotional motor behavior depending on the context. In each case, automatic process of postural control, such regulation of postural muscle tone and basic postural reflexes, by the brainstem and spinal cord is required. On the other hand, cognitive postural control is particularly important when the subject learns motor skills and behaves in unfamiliar circumstance. See text for detail explanation. Modified from Takakusaki. Mov Disord 2013;28:1483-1491, with permission of Wiley \[[@b6-jmd-16062]\].](jmd-16062f1){#f1-jmd-16062}

![Effects of midbrain stimulation on posture and locomotion in decerebrate cat preparation. A: Stimulation sites in the right mesopontine tegmentum. Stimulation consists of 30 μA in intensity and 50 Hz in frequency with a duration of 10 seconds. B: Effects of stimulation applied to each site in (A) on left and right soleus muscle electromyograms. Stimulation of the dorsal part of the CNF induced muscle tone augmentation. While stimulation of the ventral CNF and the dorsal PPN induced locomotor rhythm, the latter was accompanied by a decrease in muscle tone. Stimulation of the PPN and PRF corresponding to the nucleus reticularis pontis oralis (NRPo) immediately suppressed soleus muscle activities. C: Topography of stimulus effects in the mesopontine tegmentum. Locomotion was evoked by stimulating the CNF (blue). Stimulation of the locus coeruleus (LC) and dorsolateral CNF induced hypertonia (violet; muscle tone augmentation). Ventrolateral part of the PPN and NRPo, induced muscular atonia (red) and hypotonia (orange). Stimuli applied to the locomotion-evoking sites and atonia-evoking sites elicited a mixture of rhythmic limb movements and muscle tone suppression (green). Modified from Takakusaki et al. J Neural Transm (Vienna) 2016;123:695-729, with permission of Springer \[[@b15-jmd-16062]\]. CNF: cuneiform nucleus, PPN: pedunculopontine tegmental nucleus, IC: inferior colliculus, SCP: superior cerebellar peduncle.](jmd-16062f2){#f2-jmd-16062}

![Functional organization of medullary reticulospinal systems in decerebrate cats. A: Locations of the medullary reticulospinal neurons relating to muscle tone suppression (a), muscle tone augmentation (hypertonus) (b), and locomotion (c). During reflex standing of the decerebrate cats, reticulospinal neurons with a firing frequency more than 10 Hz during reflex standing of decerebrate cats are judged as hypertonus-related reticulospinal neurons (b; *n* = 76). When carbachol (long-acting cholinomimetic agents) was injected into the pontine reticular formation muscle tone of decerebrate cats was abolished. Reticulospinal neurons of which firing frequency was increased to more than 10 Hz during carbachol-induced atonia are judged as atonia-related reticulospinal neurons (a; *n* = 75). During reflex standing (decerebrate rigidity) these cells usually had no spontaneous firing. Locomotion-related neurons (*n* = 59) were judged as those displaying rhythmic firing relating to step cycles of locomotion. Recording was made in both high decerebrated cats which displayed spontaneous locomotion and normal decerebrated cats with stimulation of the MLR. B: Results obtained from five animals are superimposed on representative coronal planes of the caudal pons and medulla. Sites from which either suppression (red), augmentation (blue), or tegmental reflexes (green) was elicited in more than three out of five animals are marked. Sites from which the stimulation induced postural changes in more than four animals are indicated by darker colored squares; conversely, light colored squares indicate that the postural changes were induced in three animals. Modified from Takakusaki et al. J Neural Transm (Vienna) 2016;123:695-729, with permission of Springer \[[@b15-jmd-16062]\]. P: pyramidal tract, MLF: medial longitudinal fasciculus, 5ST: spinal trigeminal tract, NRPc: nucleus reticularis pontis caudalis, TB: trapezoid body, RM: nucleus raphe magnus, SO: superior olive, NRGc: nucleus reticularis gigantocellularis, NRMc: nucleus reticularis magnocellularis, RPa: nucleus raphe pallidus, NRPv: nucleus reticulars parvocellularis.](jmd-16062f3){#f3-jmd-16062}

![Neuronal mechanisms of cognitive (A) and emotional (B) control of locomotion in the cat. A: Dorsal system for cognitive locomotor control. A visuo-motor pathway from the visual cortex to motor cortex via the parietal cortex contributes to this control. Corticofugal projections act on to the basal ganglia nuclei, brainstem and spinal cord. Dopaminergic projection from the substantia nigra pars compacta (SNc) to the caudate-putamen (CPu) may be involved in learning the locomotor behaviors. GABAergic output from the basal ganglia nuclei (internal segment of the globus pallidus and substantia nigra pars reticulata; GPi/SNr) acts on MLR/PPN area may control locomotion and posture. Efferents from the midbrain locomotor region (MLR) recruit excitatory system, inhibitory system and locomotor pathway. The excitatory system arises from the LC and the raphe nuclei. The inhibitory system which arises from cholinergic neurons in the PPN sequentially activates PRF neurons, medullary reticulospinal neurons in the nucleus reticularis gigantocellularis (NRGc) and spinal inhibitory interneurons. The inhibitory interneurons may inhibit both motoneurons and interneurons. The locomotor pathway consists of reticulospinal neurons arising from the ventromedial medulla corresponding to the nucleus reticularis magnocellularis (NRMc). Cholinergic and glutamatergic projections from the PPN excite SNc-DA neurons. These descending tracts act on CPGs in spinal cord so that muscle tone and locomotion are regulated. Efferents from the (CLR may excite locomotor pathway. B: Ventral system for emotional locomotor control. Efferents from the amygdala (AMD) and hippocampus (Hipp) project to the nucleus accumbens (NAc). GABAergic NAc neurons project to ventral pallidum (VP) and the SNr, which control activity of the MLR/PPN neurons. Efferents from the AMD and the Hipp also act on lateral hypothalamic area, which corresponds to the SLR. DA projections from the ventral tegmental area (VTA) may contribute to the rewardoriented locomotor behaviors. Modified from Snijders et al. Ann Neurol 2016;80:644-659, with permission of Wiley \[[@b164-jmd-16062]\]. E: extensor motoneurons, F: flexor motoneurons, PRF: pontine reticular formation, PPN: pedunculopontine tegmental nucleus, LC: locus coeruleus, RN: raphe nuclei, DA: dopamine, CLR: cerebellar locomotor region, SLR: subthalamic locomotor region, CNF: cuneiform nucleus, CTX: cortex, GPe: external segment of the globus pallidus.](jmd-16062f4){#f4-jmd-16062}

![Hypotheses of cognitive process of posture-gait control. A: Cognition of bodily information. Sensory signals flowing into the central nervous system converge to the brainstem, cerebellum, thalamus, and cerebral cortex. At the level of cerebral cortex, signals from the visual cortex, vestibular cortex and primary sensory cortex (S1) is integrated and internal model of self-body, such as body schema and verticality can be constructed at the temporoparietal cortex including the vestibular cortex and posteroparietal cortex. Reciprocal connection between the temporoparietal cortex and cerebellum may contribute to this process. B: Transmission of the bodily information. The bodil y information is then transmitted to the supplementary motor area (SMA) and premotor area (PM) where the information can be utilized as materials to produce motor programs. Similarly, the information is transferred to hippocampus and is used to navigate further behaviors. C: Motor programming. The motor cortical areas closely cooperate with the basal ganglia and cerebellum so that appropriate motor programs are constructed. D: Postural control by corticofugal projections to the brainstem and spinal cord. The bodily information generated at the vestibular cortex may be utilized for sustention of vertical posture via cortico-vestibular and vestibulospinal tract. Signals from the prefrontal cortex including plans and intentions may trigger to run motor programs in the SMA/PM, which may include those for purposeful movements and associating postural control. The postural control program may be utilized to generate anticipatory postural adjustment via cortico-reticular and reticulospinal tract. Then motor programs are sent to the M1 so that goal-directed purposeful skilled movements can be achieved. Modified from <http://dx.doi.org/10.1080/01691864.2016.1252690>, with permisson of Taylor & Francis \[[@b165-jmd-16062]\].](jmd-16062f5){#f5-jmd-16062}
